Human ventral cortex contains at least two visual areas selective for color [1] : a posterior center in the lingual gyrus labeled V4 [2] [3] [4] , V8 [5] , or and an anterior center in the medial fusiform that has been labeled V4a [3, 4] . We examined the properties of the anterior color center using electrical recording and electrical stimulation in a subject with an electrode implanted over the anterior color center, as determined with BOLD fMRI in the same subject. Presentation of visual stimuli evoked local field potentials from the electrode. Consistent with fMRI, the potentials were larger for chromatic than achromatic stimuli. The potentials differed depending on stimulus color, with blue-purple colors evoking the largest response. The spatial receptive field of the electrode was central/parafoveal with a contralateral bias. In the absence of a visual stimulus, electrical stimulation of the electrode produced an artificial visual percept of a blue-purple color near the center of gaze. These results provide direct evidence of a tight link between selectivity and perception in ventral temporal cortex. Electrical stimulation of the anterior color center is sufficient to produce the conscious percept of a color whose identity is determined by the selectivity of the stimulated neurons.
Human ventral cortex contains at least two visual areas selective for color [1] : a posterior center in the lingual gyrus labeled V4 [2] [3] [4] , V8 [5] , or VO-1 [6] and an anterior center in the medial fusiform that has been labeled V4a [3, 4] . We examined the properties of the anterior color center using electrical recording and electrical stimulation in a subject with an electrode implanted over the anterior color center, as determined with BOLD fMRI in the same subject. Presentation of visual stimuli evoked local field potentials from the electrode. Consistent with fMRI, the potentials were larger for chromatic than achromatic stimuli. The potentials differed depending on stimulus color, with blue-purple colors evoking the largest response. The spatial receptive field of the electrode was central/parafoveal with a contralateral bias. In the absence of a visual stimulus, electrical stimulation of the electrode produced an artificial visual percept of a blue-purple color near the center of gaze. These results provide direct evidence of a tight link between selectivity and perception in ventral temporal cortex. Electrical stimulation of the anterior color center is sufficient to produce the conscious percept of a color whose identity is determined by the selectivity of the stimulated neurons.
Results

Neuroimaging
Structural magnetic resonance imaging (MRI), blood-oxygenation-level dependent functional MRI (BOLD fMRI), and computed tomography were used to localize a subdural electrode implanted on the ventral temporal cortex of a human subject (Figure 1 ). The electrode was situated on the fusiform gyrus, mid-way between the temporal pole and the occipital pole, with standardized coordinates (26, 249, 220) . The electrode was located just lateral to the collateral sulcus, in the anatomical location of the anterior color center observed in previous neuroimaging studies. BOLD fMRI showed significant color responses in the cortex proximal to the electrode ( Figure 1B) . Posterior to the electrode, phase-encoded retinotopic mapping revealed responses to the lower as well as the upper quadrant of the contralateral visual field, with a representation of the fovea distinct from that of V1/V2/V3, consistent with previous reports of V4 [4] , V8 [5] , and VO-1 [6] ( Figure 1C ).
Electrical Stimulation
Pulses (300 ms) of stimulating current were passed through the electrode to evoke activity in nearby neurons, and the subject was interviewed about the resulting percept. The subject reported that stimulation of the electrode produced a percept of a ''blue, purple color, like aluminum foil when it burns'' and that the blue-purple percept was near the center of gaze but was not localizable to a small region of the visual field. Repeated stimulation of the electrode produced the same subjective percept. Increasing the stimulation duration to 1 s lengthened the duration of the evoked percept but did not change its quality.
To objectively confirm the patient's report of an evoked visual percept, the subject performed a two-alternative temporal forced-choice task as the stimulation current level was randomly varied from trial to trial (Figure 2A ). At low current levels, the subject could not reliably detect the electrical stimulus, resulting in chance performance ( Figure 2B ). At high current levels, the subject was almost always able to correctly determine the stimulation epoch, demonstrating that the stimulation produced a reliable percept. The psychometric curve showed a detection threshold of 1.7 mA (1.4-1.9 mA, 95% confidence interval). Similar current levels delivered to electrodes implanted over primary visual cortex produce the small, discrete flashes of white light known as phosphenes, thought to indicate evoked activity in a small population of pyramidal neurons surrounding the electrode [7] .
Electrical Recording
Local field potentials (LFPs) were recorded from the mid-fusiform gyrus to determine whether neurons producing the electrically evoked colored percept responded selectively to different colors. Because higher visual areas have large receptive fields, large color squares were presented that covered most of the left visual field, contralateral to the implanted electrode. Color squares evoked LFPs that began 100 ms after stimulus onset, peaked at 154 ms, and returned to baseline at 378 ms ( Figure 3A) . In order to calculate the amplitude of the response to each of the 26 colors, the root-mean-square (RMS) power of the LFPs was measured between 100 and 378 ms. The largest response, 102 mV, was evoked by a blue-purple color, and the weakest response, 21 mV, was evoked by a yellow-brown color.
The normalized cone contrast of each color square relative to the gray background was calculated using the equations L = (L 2 L0)/L0, M = (M 2 M0)/M0, and S = (S 2 S0)/S, where L is the long-wavelength cone response, M is the mediumwavelength cone response, and S is the short-wavelength cone response (see Table S1 available online). Two orthogonal color axes were created: (L 2 M) for long-to medium-wavelength color contrast and S 2 (L + M) for short-wavelength color contrast, with a third axis (L + M) for luminance [8] . Plotting response power versus color revealed that blue-purple colors evoked large responses and red-browns evoked weak responses ( Figure 3B ). The electrode responses were well fit (F = 5.7, p = 0.005) by a hyperplane with equation 3D ). The blue stimuli evoked a uniformly large response (67 mV 6 8 uV SD) with no correlation between luminance and response power (r = 0.12, p = 0.8). There was a weak negative correlation between luminance and response power for achromatic squares (r = 20.36, p = 0.2). In sum, response power did not exhibit a consistent relationship with stimulus luminance.
The achromatic squares evoked a significantly weaker response than the blue squares (32 mV versus 67 mV, p = 10 26 ). Although the achromatic responses were weak, even the weakest achromatic response was significantly greater than baseline (p = 0.009). These results are consistent with neuroimaging evidence showing that the anterior color center shows small but significant responses to achromatic stimuli [1, 9] .
Previous neuroimaging studies have reported distributed responses to complex images in ventral temporal cortex. The response of the electrode to 17 chromatic images, including scenes, faces, and man-made objects that covered the same spatial extent as the uniform color squares, was measured. Many of the chromatic images that evoked large responses contained a great deal of blue, such as a picture of the Lone Ranger wearing a denim shirt against a blue sky (33 mV). The mean response to all chromatic images was 25 mV. Although it is difficult to compare responses across runs because of possible gain changes, this was weaker than the mean response to color squares (68 mV). The maximum response to a chromatic image was only one-third as large as the maximum response to a color square, suggesting that simple, uniform colors are potent stimuli for this region of cortex.
Because implanted electrodes record from a small population of neurons, evoked LFPs can also be used to study spatial receptive fields. We have adapted mapping techniques similar to those used in electrophysiological studies in nonhuman primates for use in patients with implanted electrodes. These techniques allow the measurement of receptive fields in human V1 of less than a degree in size [10] . In order to measure the spatial receptive field of neurons in mid-fusiform gyrus, the preferred blue-purple stimulus was presented at different locations in the visual field, and the evoked response was measured ( Figure 4 ). The receptive field was central/parafoveal, with a contralateral bias.
Discussion
Human functional neuroimaging studies of color processing have focused on V1 [11, 12] or on a color-selective region in lingual gyrus in ventral occipital lobe, alternately labeled V4 [2] [3] [4] , V8 [5] , or VO-1 [6] . However, a number of studies have identified an additional color-selective region in mid-fusiform gyrus in ventral temporal lobe. This anterior color center, which has been labeled V4a [3, 4] , is active during tasks requiring colorordering [1, 13] , color imagery [14] , knowledge about color [15] [16] [17] , color illusions [18] , and processing of object color [4, 19] . Because neuroimaging studies provide only correlational evidence about the relationship between neuronal activity and perception, it has been difficult to determine the role of the anterior color center. Electrical stimulation in the cortex of nonhuman primates allows examination of the causal relationship between activity and perception, but animals cannot report the quality of the percept evoked by stimulation [20, 21] . Electrical stimulation of human cortex can produce a variety of visual and nonvisual percepts [22] . Stimulation of visual cortex commonly produces the percept of a single, small spot of white light known as a phosphene [23] , although colored percepts have also been reported [24] [25] [26] .
Our study demonstrates a correspondence in human ventral temporal cortex between neuronal responses measured indirectly with BOLD fMRI and directly with electrical recording. Because human cortical anatomy is variable, anatomical landmarks or standard spaces cannot precisely identify the location of visual areas across subjects. Within a single subject, we demonstrate that the anterior color center, identified with BOLD fMRI, shows larger local field potentials to chromatic compared with achromatic stimuli.
A striking concordance was observed between the percept evoked by electrical stimulation and the selectivity for visual stimuli of neurons in mid-temporal lobe. In addition to evoking action potentials from nearby neurons, electrical stimulation can activate fibers of passage [7] . Because the local field potential from neurons near the electrode was color selective and matched the evoked percept, the color percept in our study could not have arisen from stimulation of unrelated fibers of passage. The minimum current level required to evoke a percept was several-fold lower than current levels reported in previous studies [25, 26] , further suggesting that the subject's percept of ''blue'' was produced by activity in a small population of neurons surrounding the electrode. Studies in nonhuman primates have suggested that patchy domains in V1 [27] and V2 [28] are selective for individual colors; a recent report suggests that the same may be true in human visual cortex (I. Kuriki et al., 2007, Soc. Neurosci., abstract). In our study, electrical stimulation evoked only one chromatic sensation. This could be the result of an organization by color in the human anterior color center. Stimulation of a group of neurons near the electrode, all selective for a similar color, could create the percept of that color. Evidence for this idea comes from the observed color-selective local field potentials. If neighboring neurons were selective for completely different colors, the local field potential (the result of synaptic activity near the electrode) would not be expected to be strongly color selective.
Unlike earlier stages of color processing, in mid-fusiform gyrus the color selectivity extends over a large portion of visual space. Correspondingly, stimulation of this area resulted in a diffuse chromatic percept, unlike the small, discrete phosphenes produced by electrical stimulation of V1.
Neuroimaging studies in humans and monkeys have identified color responses in V1, V2, VP, V4/V8/VO-1, and the anterior color center [29] [30] [31] [32] . While patients with lesions to occipitotemporal cortex can present with a variety of color vision disturbances [13, [33] [34] [35] [36] [37] , it has been difficult to determine the relationship between activity in different identified visual areas and color perception. We demonstrate a close correspondence in one of these areas-the human anterior color center-between visually evoked activity, electrical stimulation, and the conscious percept of color.
Experimental Procedures
The subject was a 38-year-old right-handed male with a 5 year history of medically intractable complex partial seizures of unknown etiology. An array of subdural electrodes was implanted to determine the location of the seizure focus, guided solely by clinical criteria, and included a six-contact strip electrode implanted laterally-to-medially on the right ventral temporal cortex. One week before electrode implantation, BOLD fMRI was used to localize visual areas. MRI data were analyzed using AFNI [38] . Cortical surface models were constructed with FreeSurfer [39] and visualized in SUMA [40] . Following implantation, a whole-head computed tomography scan was obtained and aligned to the presurgical structural MRI. Analysis of clinical EEG recordings by the clinical neurophysiology team determined that the seizures did not originate from the region of cortex covered by the ventral temporal strip of electrodes. Electrical stimulation and recording for research purposes was performed on these electrodes. Informed consent was obtained from the subject, and all procedures were approved by the Baylor College of Medicine Institutional Review Board or the Committee for the Protection of Human Subjects at the University of Texas Health Science Center at Houston. For a complete description of the Experimental Procedures, please see the Supplemental Data.
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